In this paper the authors discuss the effects of particles (fillers) mixed in a composite polymer on the space charge measurement techniques. The origin of particle-induced spurious signals is determined and silica filled epoxy resin is analysed by using the laser-induced-pressure-pulse (LIPP), the pulsed-electroacoustic (PEA) and the laser-induced-thermal-pulse (LITP) methods. A spurious signal identified as the consequence of a piezoelectric effect of some silica particles is visible for all the methods. Moreover, space charges are clearly detected at the epoxy/silica interface after a 10-kV/mm poling at room temperature for 2 hours.
Introduction
Large breakdown value is not the ultimate insulating material characteristic sought for by these days. For example a large strength can be necessary for the material to resist mechanical stresses, or a higher conductivity above a given electric field threshold can be necessary to prevent damage due to breakdown. In order to reach such complex material characteristics, additive particles are often introduced in a host material [1, 2, 3] . The material overall cost is also an important parameter for industrial applications which can be greatly reduced by the addition of low cost filler particles to a relatively high cost host material.
The addition of particles for improving one physical or commercial characteristic can however be detrimental to another one. In the case of electrical insulation, particles can lead to charge buildup and then to accelerated aging. They can also increase the electrical conductivity and then reduce the material electrical strength.
Space charge measurement methods, such as the pressure-wave-propagation method, the thermal method, or the electro-acoustic method, give access in a non-destructive way to the distribution of space charges in an insulating material [4] . These three measurement methods are based either on thermal diffusion or elastic wave propagation, and electrostatics. In the case of the thermal or the pressure-wave-propagation methods, the diffusion of heat or the propagation of an elastic wave through the material to be tested generates an electrical response directly correlated with the space charge distribution in the material. In the case of the electro-acoustic method, a rapid variation of the electric field in the material to be tested produces elastic waves which profile is directly correlated with the space charge distribution in the material. These elastic waves are measured by an adjacent transducer. The correspondence between the space charge distribution and the measured signal depends on the electrical, mechanical and thermal properties of the material to be tested. When the material is uniform, its properties do not vary in space and the correspondence between the space charge and the signal is constant during a measurement. Conversely when the material includes particles, its properties vary in space and therefore the correspondence between the space charge and the signal changes during the measurement. This results in particle-induced proportional perturbation.
Furthermore particles may also be polarized or present piezoelectric properties independently to the space charge in the material. This results in a particle induced additional perturbation. As a consequence the signal obtained from particle loaded materials must be analyzed carefully as to avoid mis-interpretation due to the various particle-induced signal perturbations (spurious signals) [5] .
In this paper we first recall the origin of the signal induced by the implementation of the various space charge distribution measurement methods. Then particle-induced signal perturbations are identified and analyzed depending on particle thermal, mechanical and electrical properties, on particle granulometry, and on particle distribution throughout the host material. Experimental results are shown with silica loaded Epoxy resin and the laser-induced-thermal-pulse (LITP), the laser-induced-pressure-pulse (LIPP), and pulsed-electro-acoustic (PEA) methods.
Physical background
The presence of particles in the material can alter space charge measurements in two ways: firstly by perturbing the diffusion of heat or the propagation of pressure waves, and secondly by adding spurious signals. These different alterations are studied in the following subsections.
Heat diffusion and elastic wave propagation
The thermal methods rely on thermal diffusion to perform space charge measurements, and the pressurewave-propagation and the electro-acoustic methods rely on wave propagation. Any perturbation to the diffusion of heat or to the propagation of pressure waves may therefore alter these measurement methods.
The equation of heat diffusion depends on the mass density m v , the heat capacity per mass unit c, the thermal conductivity λ, and the temperature increase from the equilibrium ∆T as
Similarly the equation of propagation depends on the mass density m v , the elastic stiffness coefficient C, and the material displacement u as
Equations (1) and (2) impose temperature ∆T , heat flux λ grad(∆T ), displacement u, and stress Cdiv( u) to be continuous at any position in space. As a consequence, the spatial discontinuities of the material properties, specially at the interfaces host material-particles, make an incident heat diffusion or wave propagation to partially reflect and transmit as illustrated in Figure 1a . Figure 1b shows the decomposition of the incident, reflected and transmitted stress or temperature profiles through an interface in normal incidence. As expected, the sum of these profiles (Figure 1c ) is continuous. In normal incidence the reflexion coefficient γ 1→2 and the transmission coefficient τ 1→2 for the heat flux or the stress from a medium 1 to a medium 2
where Z is the material impedance. In the case of heat diffusion the thermal impedance, also known as effusivity, is Z = √ m v cλ [6] . In the case of elastic wave propagation the acoustic impedance is Z = √ m v C [7] .
Particles are however more closely shaped as spheres than as planes. Therefore reflexions and transmissions scatter in all directions and attenuate in amplitude as the square of the distance from the particle.
In addition, the larger the particle diameter, the larger the amplitude of the scattered reflections and transmissions. This is simulated in two-dimensions in Figure 2 for diffusion, and in Figure 3 for propagation.
In these simulations, the particle impedance is 3 times the one of the host material. In Figure 2a and 2b the temperature profile is almost unaltered by small particles but clearly deformed by larger particles. In Figure 3a and 3b the wave front is also almost unaltered by small particles (top) whereas it is almost cut by larger particles (bottom). The radius of particles is generally compared with the wavelength of a propagating wave [7] . The radius of a large particle is larger than the wavelength whereas the radius of a small particle is smaller than the wavelength. In the case of transient diffusion of propagation however, the smallest significant wavelength λ m has to be taken into account in order to characterize the size of a particle. Typically λ m is twice the extent at mid-amplitude of a pulse or twice the distance from 10% to 90% of a step amplitude. In other words particle diameter is small or large in comparison with the spatial resolution of the measurement method. For an elastic wave propagation it ranges from 5 to 100 µm and for heat diffusion it is linearly dependent on the depth, being 5 µm at 5-µm depth and 100 µm at 100-µm depth.
In Figures 2c, 2d, 3c and 3d, the incident diffusion or propagation has been removed in order to observe in a better way the reflection and transmission. One can notice that, as expected, the scattered reflexion and transmission are larger and act at longer distance for the large particle.
When more particles are taken into account, reflections and transmissions from each particle sum up over a volume which thickness is the resolution and section is the surface of the heat or the elastic wave front. Since particles are randomly positioned in the host material and since many particles are laterally involved during the measurement, the local reflections and transmissions statistically compensate except on the axis of the incident diffusion or propagation. Therefore the overall direction of the diffusion or the propagation remains unaffected and the equivalent properties of the material layer is an average of the properties of particles and the host material as shown in Figure 4 . As a consequence, when the lateral extent is much larger than resolution, a one dimensional model is still correct insofar as one introduces a spatial dependence for the material properties in order to take into account the slight variations of equivalent properties between the material layers. Of course, as in the case of conventional planar samples, the incident heat diffusion and elastic wave propagation are assumed planar, and the electrodes parallel.
The mean distance between particles and the mean particle size perturb differently the incident diffusion or propagation depending on the measurement resolution, that is to say the distance over which the temperature or the pressure profile mainly varies.
If the particle diameter is smaller than the resolution then reflections and transmissions from particles are small and act at short distances (see top of Figures 2 and 3). The temperature or pressure profile is attenuated and dispersed with time but keeps a similar shape, for instance a pulse remains a pulse. Examples are shown in Figure 5a and 5b with 5-µm-diameter alumina particles and 50-µm-diameter silica particles in Epoxy resin. In that case the mean distance between particles affects only the speed at which attenuation and dispersion occur. Such a degradation can be compensated by using the usual deconvolution algorithms [8, 9, 10, 11] and appropriate determination of the material properties [12] .
If the particle diameter is larger than the resolution then reflections and transmissions from particles are large and act at long distances (see bottom of Figures 2 and 3 ). In the case of a mean distance between particles smaller than the resolution, the temperature or the pressure profile is altered by small and rapid perturbations which may induce small oscillations in the signal. An example is shown in Figure 5c with 200-µm-diameter niobate lithium particles in the same Epoxy resin. Since the induced oscillations are only due to the particle distribution and not to the space charge distribution, a low-pass filter might be used before applying the deconvolution usual algorithms [8, 9, 10, 11, 12] . As the mean distance between particles increase as compared to the resolution, oscillations in the signal become larger and last a longer time.
The original thermal or pressure profile becomes completely altered and it is necessary to apply a lower pass-filter or an envelope detection algorithm in order to remove the alterations before the deconvolution algorithms. The resolution is then very reduced. This latter situation is fortunately not often encountered.
Measured signal and particle induced perturbations
It has been shown that one-dimensional model can be applied to particle filled material insofar as many particles are involved laterally and as material property variations are allowed between sample layers. When the sample is uniform, the correspondence (gain) between the space charge and the signal, which depends on the material properties, is identical at any position in the sample during the measurement. This correspondence can be determined once by a calibration measurement. However when the sample includes particles, the material properties vary from one position to the other and the correspondence (gain) between the space charge and the signal varies in the sample during the measurement. A given charge density at a given position in the sample may therefore produce a different signal amplitude than the same charge density at another position. As a consequence the particles induce a perturbation proportional to the spacecharge-induced signal, hereafter denoted as particle-induced proportional perturbation.
Particles may also present a net charge, a dipolar orientation or be made of piezoelectric material for instance. They can therefore generate their proper signal in addition to the one generated by the space charges in the sample. As a consequence particles can also induce an additive perturbation, hereafter denoted as particle-induced additional perturbation.
The proportional and the additional perturbations can be estimated by the signal expression of the different measurement methods.
For the thermal or the pressure wave propagation methods [13] 
where the material deformation ∂u/∂z is equal to α∆T in the case of the thermal methods, α being the expansion coefficient, and to −χP in the case of the pressure-wave-propagation method, χ being the material compressibility and P the pressure. C 0 is the capacity of the sample at rest, ε is the permittivity, a is the electrostrictive coefficient, E is the electric field, π is the permanently oriented dipole density, and e is the piezoelectric coefficient.
For the electro-acoustic method [13] , the deformation ∂u/∂z at the transducer position z t is
where G is the Green's function, V is the voltage pulse applied for the measurement, and A is the stressed area. The green's function indicates how an elastic wave is modified from its source to the position z t where it is measured. For non-lossy materials one has
where δ is the Dirac's function and v s is the speed of sound.
In the case of particles present a net charge or a permanent dipolar orientation, they generate an electric field which superimposes to the one generated by the space charge and the applied voltage. The electric field E in (5) and (6) is then the sum of the electric field E ρ generated by space charge and the applied voltage, and of the electric field E generated by particles.
The signal generated by the space charge distribution and the applied voltage through E ρ is proportional to α (1 − a/ε) or χ (1 − a/ε). Therefore the spatial variations of a, ε, α and χ produce a particle-induced proportional perturbation.
The signal generated by particles through E , π and e appears in addition. Therefore E , π and e produce a particle-induced additional perturbation. Since this perturbation does not depend on space charge distribution or the applied voltage, it can be measured once under short-circuit when the sample is still virgin (free of charge). However the random distribution of particles makes the additional perturbation to be highly related to the location of the measurement. Therefore the sample cannot be removed, even temporarily, from its holder unless it is strictly repositioned identically. Figure 6 shows additional perturbations measured at different lateral locations on an Epoxy resin sample containing silica fillers with the thermal and the pressure-wave-propagation methods. Very different responses are obtained in the regions including particles even for lateral displacements as small as a quarter of the lateral extent, about 2 mm.
Experimental validation
The different behaviors theoretically predicted in the former section are shown experimentally in this section using the thermal pulse, pressure-wave-propagation and electro-acoustic methods. For this purpose test samples were made in Epoxy resin including 50-µm-diameter silica particles as shown in Figure 7 . It has been previously reported [5, 14] that a fraction of these particles exhibit a piezoelectric behavior.
Particles being produced from natural river sand, some of them has the α-quartz crystalline structure which is a well known piezoelectric material.
In order to emphasize additive and proportional perturbations, samples contain two 500-µm-thick regions, one particle free and the other particle filled as illustrated in Figure 7b . For thermal pulse method however a 150-µm-thick sample with an homogeneous particle distribution was made in order to improve the signal to noise ratio (Figure 7c ).
Laser-induced-pressure-pulse (LIPP) measurements under short-circuit, −2 kV and −3 kV applied voltages are shown in Figure 8 . It can be noticed that under short-circuit (Figure 8a ) a signal is visible only when the pressure pulse is in the particle filled region of the sample. This cannot be due to charges or dipoles trapped in particles since in that case an interfacial peak should have been detected owing to the electric field generated by the charges or dipoles. This can be due to piezoelectricity however, since in that case an electric response is generated only when particles are mechanically stressed, that is to say when the pressure reaches the particles. Under voltage (Figure 8b ), the particle-induced spurious signals are clearly visible between the two interfacial peaks due to induced charges on the sample electrodes. They are not strictly similar to the one under short-circuit due to a superimposed proportional perturbation. That proportional particle-induced perturbation can be isolated by subtracting from under-voltage measurements the one made under short-circuit to remove the additive perturbation. The normalisation with the applied voltage shows now very similar profiles in Figure 8c . This is mainly due to the variation in permittivity between the two regions of the sample (peak) and to the slight variation of permittivity within the particle filled region.
Pulsed-electro-acoustic (PEA) measurements under short-circuit,−2 kV and −3 kV applied voltages are shown in Figure 9 . As in the case of the LIPP method, a signal is detected under short circuit (Figure 9a) only in the region of particles. A small signal is however detected at the front electrode but is due to the term in V 2 in the signal (Equation (6)). By subtracting this signal from those under voltage (Figure 9b) in order to remove the additive perturbation and by normalising with applied voltage, one obtains similar results for both applied voltages due to the proportional perturbation induced by the permittivity spatial variations (Figure 9c ).
Laser-induced-thermal-pulse (LITP) measurements under short-circuit,+200 V and +300 V applied voltages are shown in Figure 10 . In this sample particles are uniformly distributed. The spurious signal is thus present even at time 0. Under short-circuit (Figure 10a ), the signal is only due to the piezoelectric particles.
By subtracting the short-circuit measurement from those under voltage (Figure 10b ) in order to remove the additional perturbation, and by normalising with applied voltages, one obtains similar signal (Figure 10c ).
The remaining small oscillations are due to the spatial variation of permittivity.
Finally additional and proportional perturbations have been observed for all kind of measurement methods. It can be noticed that the proportional perturbation is smaller in uniformly filled region than at the interface between two regions with different particle distributions (Figure 8c and 9c) . Indeed, the variation of permittivity between layers is smaller in uniformly filled materials than between unfilled and filled materials.
Study of an industrial silica filler Epoxy sample
Epoxy resin used in this study is a DGEBA type resin, cured with an acid anhydride. Silica fillers are mixed with the epoxy (60% of fillers in weight). The glass transition temperature T g of the polymer is about 65 • C. Two sample geometries are used as illustrated in Figure 11 . The first geometry consists in 1-mm-thick discs of filled Epoxy resin with 2 aluminium electrodes deposited by radio-frequency sputtering. The second geometry consists in massive aluminium electrodes molded in the Epoxy resin during curing.
The sample thickness is 0.5 mm in this latter case.
The tail of silica fillers is non-uniform and their particle diameter ranges from 1 µm to 100 µm (Figure 7a ).
The larger population of particles is around 50 µm diameter. These silica fillers are produced from natural crushed river sand so some of them show piezoelectric properties (α-quartz crystalline structure).
The LIPP method is used hereafter to investigate space charges in these samples. The reader can refer to [14] for PEA measurements on similar samples.
Effect of piezoelectricity on the space charge measurement
LIPP signals obtained in short-circuit condition for two silica filled Epoxy resins (roller wheels) subjected to 40 • C and 80 • C respectively, are shown in Figure 12 . They have been calibrated separately in order to take into account the variation of sound velocity with temperature [15] . An internal signal is clearly detectable and shows oscillations which frequency is strongly correlated with the mean particle diameter.
It cannot be attributed to space charges since it is not modified after a cure at 120 • C for two weeks under short-circuit. It can be attributed however to the piezoelectricity of SiO 2 filler particles [5, 14] . Indeed α-quartz, which is a well known piezoelectric material, is a possible crystalline structure for some of the particles.
Measurements for both samples in Figure 12 are very different and temperature cannot explain this difference. In fact, as piezoelectric fillers are oriented at random in the Epoxy matrix, only particles at the position of the pressure pulse are taken into account in the resulting signal. Two different samples exhibit therefore two different signals. The signal damping for position greater than 0.25 mm in the case of 40 • C and 0.15 mm in the case of 80 • C can be attributed to attenuation and dispersion of the pressure pulse during its propagation. Indeed, as the pressure extent increases, more particles are mechanically stressed producing in turn more signal sources and thus more statistical compensation. Since dispersion and attenuation increase with temperature, the damping is more important at 80 • C than at 40 • C.
Influence of silica fillers on the pressure pulse propagation
Independently to the piezoelectric effect, it is important to analyse the influence of SiO 2 particles on the pressure pulse propagation. Measurements at room temperature of 1-mm-thick Epoxy resin discs with or without silica fillers are presented in Figure 13 . A 10-kV stress is applied to the back electrode of the samples for the measurements.
It can be firstly observed that the sound velocity is 20 % greater for the silica filled Epoxy resin. This result suggests that the pressure wave goes through silica particles instead of passing round them. A sound velocity around 2500 m/s is measured for the Epoxy matrix against 3000 m/s for the silica filled Epoxy matrix.
It can be secondly observed that the pressure pulse attenuates 50 % more in the silica filled Epoxy sample, in spite of a larger velocity. This confirms non-negligible reflections at the Epoxy/silica filler interfaces, which disperse the energy of pressure pulse. Since the peaks at both electrode interfaces do not show superimposed oscillations, it can be concluded that particles affect only the speed at which attenuation and dispersion occur as discussed in section 2.1.
Space charges detection
A silica filled Epoxy resin sample has been subjected to 10 kV/mm for 2 hours at room temperature. Measurements are reported in Figure 14 at the beginning (black curve) and at the end (gray curve) of the stress cycle. The interfacial peak increase after 2 hours poling indicates a global polarization. Within the sample, oscillations are clearly increased compared to the signal just after applied the voltage. Unambiguously, space charges are trapped at the Epoxy/silica interfaces.
Conclusion
In this paper we have analyzed the implications of filler particles on different space charge measurement techniques. Particles may produce proportional or additional perturbations to the space charge distribution signal independently to the measurement method being implemented. A silica filled Epoxy resin sample has been used as an illustration. Silica particles exhibiting piezoelectricity, they induce a random like signal during the measurement owing to the random distribution and orientation of the particle in the host material. Knowing the effect of particles on the signal we have concluded that the evolution of the signal after a voltage stress is due to charge trapping around particles. Reflection and transmission of an incident plane diffusion on a small diameter particle (top) or on a larger diameter particle (bottom). The particle has an effusivity 3 times the one of the host material.
Figure Captions
(a) complete temperature profile at the particle. (b) complete temperature profile after the particle. (c) only reflection and transmission at the particle. (d) only reflection and transmission after the particle.The scales represent the normalised temperature increase amplitude. 
